Excitation of long-wavelength surface optical vibrational modes in films, cubes and film/cube composite system using an atom-sized electron beam 
Introduction
Finite systems sustain surface optical vibrational modes [1] [2] [3] whose properties are driven by the system shape and size. These modes play an important role in a large variety of nanoscale phenomena, such as light-phonon coupling [4] , radiative heat transfer [5] , heat and sound flow [6] , van Der Waals friction [7] , Casimir forces [8] , among others. A deeper understanding of these phenomena requires fundamental experimental studies of the physical properties of surface vibrational modes in isolated nanosized objects with high spatial resolution. In particular, experimental studies using local probes, which allow the excitation of highly localized surface and bulk vibrational modes [9] in single nanosized objects of different shapes and sizes, can provide valuable information useful for the design of more efficient infrared low-loss nanophotonic devices [10] , nanophononic thermal devices [11] , novel thermophotovoltaic devices [12] , etc.
Nanosized structures can sustain several kinds of vibrational surface modes. For instance, a surface phonon mode in a semi-infinite flat surface was predicted by Fuchs and Kliewer (FK) [13] . This mode is a longitudinal confined charge density wave oscillating along the surface with an angular frequency defined by the equation ε(ω) = −1, where ε is the bulk dielectric function within the structure. Also, for a thin slab of finite thickness, two different surface modes are generated due to the coupling between surface charges in each side of the slab surfaces through internal electric fields [14] . These self-sustained modes are the socalled surface phonon polaritons (SPhP) [2] and they will be further discussed in this work. More interestingly, the shape of the nanoscale structure plays a fundamental role in tuning the frequency of surface phonon modes, and so, for instance, Fröhlich proposed that a surface confined phonon mode in an ionic sphere would have a resonant frequency defined by the relation ε(ω) = −2 [15] . Also, Fuchs [16] pointed out the existence of long-wavelength polariton optical modes in ionic cubes, whose eigenmode resonances could be identified ε(ω) < 0. Finally, several theories of surface optical phonons for objects having arbitrary shapes were also introduced [1, 16, 17] . In addition, the study of SPhP coupling effects between neighbouring phononic nanostructures remains to be further explored. All these localized surface optical phonon modes can be excited using external light and charge probes with efficiencies governed by how well the external probe matches the local size, directionality or symmetry of possible modes, defining selection rules for scattering processes.
Due to limits in the spatial resolution of vibrational spectroscopy techniques, most experimental studies of such confined surface vibrational excitations have been limited to large surface areas, micrometre-sized structures and large ensembles of nanostructures/molecules. Spectroscopic studies that provide spatially resolved information about the physics of those surface excitations in isolated nanostructures still largely remain to be performed in the future. Recently, atom-sized electron probes fabricated in electron microscopes were filtered in energy resulting in electron beams having a few meV of energy spread [18] . These now allow the detection of excitations in the infrared range down to 50 meV [9] , and to resolve SPhP excitations spaced apart by~14 meV in boron nitride flakes [19] .
Using these remarkable capabilities, spatially resolved vibrational studies of nanostructures have began opening the door for further exploration of vibrational properties in isolated nanostructures with nanometric resolution.
Electron beams can probe the spectrum of excitations of matter. Because the response of a system probed by a single keV electron is linear, this response is fully determined by the system properties in the absence of the external beam. In particular, spatially resolved electron energy loss spectroscopy (EELS) allows the mapping of inelastic scattering due to specimen excitations such as plasmons and phonons [9, [20] [21] [22] in nanostructures with high spatial resolution.
In these experiments, we describe the inelastic electron scattering within the local dielectric formulation. In the longwavelength limit (q → 0), keV energy electrons are deflected by small angles as a result of the small amounts of momentum transferred during the scattering. Experimentally, we can restrict scattering to long wavelengths by using a nonintersecting beam-specimen geometry or by using small apertures located near the optic axis of the microscope to restrict the angular content of the incident and scattered electrons [9, 18, [23] [24] [25] [26] . Theoretically, the semi-classical dielectric theory is able to give a good description of this case, and indeed, most of the knowledge acquired about surface plasmons in nanostructures by electron scattering can be applied to interpret data of infrared phonon excitations as well. However, careful attention must be paid to ensure the validity of the theoretical methods and to avoid known situations where the local dielectric approach fails [27, 28] . In this scenario, additional experimental data are required to test new theoretical models and ideas.
In this paper, we present a study of the excitation of long-wavelength optical surface vibrational modes in two elementary phononic systems which exhibit surface phonon modes: amorphous silicon dioxide (a-SiO 2 ) nanometric films and magnesium oxide (MgO) nanocubes. We explore in detail the scattering process of a fast electron with confined surface vibrational excitations in nanostructures in the dipole limit (q → 0). Surface phonon excitations in thin films have been extensively studied using many techniques, including EELS in the reflection geometry (R-EELS), and the physics of surface dipolar excitations is extensively documented [3] . Our study here focuses on the excitation of SPhP modes in the transmission geometry [29] , exploring the excitation of modes which remain inactive when probing the slab in the reflection geometry. Furthermore, we performed spatially resolved vibrational studies of localized surface phonon excitations in isolated MgO nanocubes in similar manner as in [9] , and in addition, we include a more detailed theoretical analysis of those localized surface excitations. We present experimental results acquired in the aloof geometry, thus naturally exciting long-wavelength modes in the dipole limit. The inelastic scattering from surface vibrational modes for slabs and cubes is described in terms of excitation of eigenmodes within the dielectric formalism. Finally, we considered a composite system combining these two nanostructures to create a system consisting of one MgO cube sitting on a thin a-SiO 2 substrate.
Methodology
We grew a-SiO 2 films on [100] sodium chloride (NaCl) crystals using a Plasma-Therm 790 PECVD system at 10 nm/min and 250°C. The oxide thickness was calibrated by depositing on a piece of silicon under the same conditions and measuring the thickness using optical ellipsometry. After the deposition, the process chamber was cooled down to room temperature and the silica film was floated off the substrate onto the surface of de-ionized water and captured on a TEM grid.
We deposited MgO nanocubes onto a lacey amorphous carbon microscopy grid by collecting the combustion smoke from burning a magnesium ribbon in air. In this process, we do not have control over the size of the produced nanostructures, and we usually obtain a broad size distribution of suspended cubes, ranging between 30 and 500 nm in size. The smoke cubes are single crystal with very flat faces.
We conducted vibrational EELS experiments following the procedure described in reference [9] . Briefly, we used a Nion UltraSTEM microscope equipped with both a monochromator and an aberration corrector operating at 60 kV. A probe of 30 mrad convergence semi-angle with a beam current of 5-10 pA was used, producing a probe size of~1.5-2 Å with 10-12 meV wide energy distribution. The EELS spectrometer entrance aperture subtends~20 mrad half angle.
Calculations of the vibrational response were performed using the dielectric approach. Scattering cross-sections for the thin slabs were calculated including retardation effects within the local dielectric response [30, 31] . The EELS simulations for the MgO nanocubes and the composite system MgO/SiO 2 were performed using the MNPBEM (Metallic NanoParticles Boundary Element Method) toolbox [32] . In this approach, the calculation of physical quantities (response electric fields, surface charges, scattering probabilities) associated with the electron energy loss follows the methodology in reference [33] . The basic idea behind the boundary element method is the formulation of Maxwell's equations in terms of surface integrals and seeking their numerical solution through a discretization of the involved surfaces into small boundary elements. With our implemented simulation tool, we can study the plasmon/ phonon response of nanostructures in terms of their (degenerate) eigenmodes, analyse the surface and bulk contributions to the loss function, and perform calculations as a function of collection conditions. An experimentally determined dielectric function for a-SiO 2 and MgO [34] that only depends on the frequency is used as an input parameter. The validity of our approach in the infrared range is confirmed by the good agreement between calculations and reported experimental data [9] . A quantitative comparison of scattering cross-sections however was not attempted.
Since the calculation of the dielectric response requires the knowledge of the dielectric function of the material, it will be helpful for our description to highlight a few characteristics of the dielectric function of MgO and a-SiO 2 in the long-wavelength range (q → 0). Both materials are considered to exhibit ionic behaviour, even silica whose chemical bonds are~50% ionic [35] . Typical dielectric functions of ionic crystals are usually described by a single Lorentz oscillator (Fig. 1a) or a set of oscillators (Fig. 1b) . Figure 1a shows the dielectric function of a bulk MgO crystal using one single IR active optical mode. The resonance frequency of the bulk system is given by the transverse optical (TO) phonon mode at~50 meV. The other resonance frequency corresponds to the longitudinal (LO) optical frequency at 90 meV. In the limit (q → 0), those optical modes involve the displacement of the oxygen sub-lattice against the magnesium sub-lattice. The TO and LO frequencies define a region (ω TO < ω < ω LO ) called the Restrahlen band, where Re[ε] < 0, indicated by the light grey in Fig. 1a . The bandwidth (50 meV < ω < 90 meV) is~40 meV.
In similar manner, the dielectric response of SiO 2 exhibits two independent Lorentzian oscillators producing two Restrahlen bands which are separated by one bulk optical phonon instability at around 100 meV (Fig. 1b) . The upper and lower bands are narrower and have a width of~8 and 20 meV, respectively. Following the nomenclature established by the IR community, we label the transverse optical resonances as TO 1 (55 meV), TO 2 (100 meV) and TO 3 (135 meV) [36] . The attribution of those resonances to specific molecular modes of the Si-O-Si bonds is well established [37] . Briefly, the TO 1 mode is identified as rocking mode of the oxygen atoms, perpendicular to the Si-O-Si plane. The TO 2 is assigned to a stretching mode of the oxygen atom along a line bisecting the Si-O-Si angle, including a simultaneous movement of the Si ions. The TO 3 anti-symmetric stretching mode involves the motion of the oxygen atom along a line parallel to the Si-Si axis.
Furthermore, it is well known that terminating the bulk crystal by a surface breaks the translational symmetry and leads to the generation of a third resonance [38] . The surface mode frequencies follow the condition that the real part is negative (Re[ε] < 0), thus implying that all the surface optical resonances lie in the Restrahlen band of the material. For instance, the FK surface frequency of a semiinfinite flat MgO slab is given by the condition ε equals to −1, producing a resonance at~82 meV [39] , while the lowest Fröhlich frequency of a MgO sphere is~74 meV, at ε equals to −2 (see inset Fig. 1a ). Note that for this energy range, the imaginary part of the dielectric function (Im[ε]) is very small, which implies that surface phonon excitations have small dissipation. This particular characteristic reflects on the high Q-factors of dielectrics, which represents the rate of energy loss with respect the stored energy of an oscillator [10] . It is indeed an important property of materials for the development of efficient low-loss nanophotonic devices.
Results and discussion
Amorphous SiO 2 thin film Figure 2a shows two background-subtracted vibrational EELS spectra of a-SiO 2 thin films of~40 and 100 nm in thickness. Three main energy-loss resonances appear in each spectrum and their scattering strength scales with the film thickness. The strong resonances located at~55 and 135 meV in each spectrum correspond to the excitation of selfsustained SPhP modes in the films, as we will discuss below. Each one of these resonances lies in a Restrahlen band of the material (see Fig. 1b ) and their exact position and shape is governed by the film thickness. For instance, note that the resonance obtained for the 30 nm film is at 135 meV and shifts towards 140 meV for the 100 nm film. The shift of the resonances in the lower band is minor. We also found a third resonance at~100 meV which corresponds to the excitation of a bulk vibrational mode and its position does not depend on the film thickness. Those three optical resonances are associated with specific molecular modes of the Si-O-Si groups that we discussed above [37] . Our experimental results are in good agreement with previous results reported in the literature using photon techniques, such as IR [36] and inelastic x-ray spectroscopy (IXS) [40] .
We describe our results based on the local dielectric response of an ionic slab. In the long-wavelength limit, the dielectric slabs sustain SPhP's and two different optical modes appear due to the coupling between the charges on the slab surfaces [3] . An extensive description of those SPhP excitations in an ionic slab of a single infrared active optical is presented in the first section of the Supplementary data (Fig. S1) . In similar manner, based on the description of SPhP's excitations in slabs, we expect two different branches of SPhP's (FK + and FK − ) excited within each Restrahlen band, on either side of the vibrational bulk mode at 100 meV. Figure 2b shows two-dimensional plots of the double differential scattering probability for SiO 2 slabs of different thicknesses at zero kelvin. The plots on the left and the right side were calculated considering silica slabs of 20 and 120 nm in thickness, respectively. Within each Restrahlen band, we observe that the symmetric nonradiative . We expect the dispersion of the FK − mode in the lower band to be less pronounced because it is narrower than the upper band, in agreement with the experimental data (Fig. 2a) . It is also important to observe that the bulk vibrational mode (Re[ε] > 0) around 100 meV does not disperse in energy. The scattering signal of this bulk excitation seems to be not as strong as the surface scattering signal of the FK − modes, probably due to the small oscillating electric dipoles associated with the long-wavelength vibrational mode. However, stronger inelastic interaction with short-wavelength phonon modes can be expected for this particular mode, as noticed from inelastic scattering with x-rays [40] .
To analyse the contributions of the vibrational excitations to the EELS signal, we calculated the scattering probability per energy unit, integrating the scattering signal ( Fig. 2b) through a certain solid scattering angle determined by the collection conditions. Figure 2c shows theoretical scattering probabilities for a-SiO 2 slabs of different thickness (10-120 nm). We focused on surface optical excitations in the long-wavelength range and thus we considered transmitted electrons that scattered up to small angles (12 μrad or q ┴ = 0.0015 Å
−1
). This cut-off value is equivalent to a collection condition that emphasizes excitation wavelengths larger than 4000 Å, which is a reasonable assumption for the excitation of long-wavelength excitations. Our theoretical results predict three main energy loss resonances (Fig. 2c) , in good agreement with the experimental EELS results (Fig. 1a) . These loss resonances contain mainly contributions from the excited FK − modes of the slab, as discussed above (Fig. 2b) .
Also, note that the 55 and 135 meV loss peaks shift to higher loss energies as the thickness increases, the shift being more pronounced for the excitations in the upper band, as observed in the experimental EELS data (Fig. 2a) .
In addition, theoretical analysis of the local dielectric response of silica films predict about seven times more surface scattering than bulk signal (~100 meV) in the longwavelength limit, which represents a surface/bulk ratio value three times larger than the ratio in the experimental spectra (Fig. 2a) . We believe that there is more bulk scattering (100 meV) in the experimental data due to the contribution of short-wavelength excitations collected at large scattering angles [40] . A fuller description accounting for short wavelength excitations should include the non-local dielectric response (q ≫ 0) of the material; however, those additions should produce negligible contributions to the surface resonance amplitudes (~55 and 135 meV).
The theory of local dielectric response of silica films provides understanding on the nature of the SPhP excitations in isotropic materials. In similar way, the dielectric theory for anisotropic materials, typically used for plasmon excitations [42] , can also used for the study of the phononic response of films of anisotropic materials. Several dielectric models describing the inelastic scattering processes in the reflection and transmission geometry were also presented [19, 26, 43] .
MgO nanocubes
In contrast to the case of the slab, which only exhibits two main SPhP modes and allows any amount of momentum (q) to be transferred parallel to the surface from the electron during the scattering, cubes exhibit a large variety of eigenmodes and their finite lateral size imposes a limit in the amount of momentum transferred (q > 2π/L, where L is the cube length). In this section, we present experimental results associated with the excitation of surface optical phonon modes in the non-intersecting geometry, analysis of the vibrational scattering in terms of eigenmodes and their contributions to the scattering, and a description of the dielectric response associated with the three most important surface phonon resonances. Figure 3a and b shows background-subtracted phonon EELS spectra for a 150 nm MgO nanocube oriented along the [001] and [110] directions, respectively. The EELS data were collected in the aloof geometry, as a function of impact parameter (b), and they reveal a large variety of loss peaks which depend strongly on both the probe location and the cube orientation. Those broad loss peaks can be visualized by the convoluted contribution of only three main resonances at~69, 72 and 81 meV, which were labelled corner, edge and face modes, respectively (see black dotted curves of Fig. 5a ). Figure 3a shows spectra acquired along the [110] (upper part) and [100] (lower part) directions, respectively. For the beam located close to the cube corner (b = 2 nm) a loss peak shows up at~69 meV (corner mode), which remains located at the same energy for acquisitions at large impact parameter conditions (b = 2-50 nm). This indicates that the corner mode is strongly excited, with smaller contributions from the edge and face modes. For the beam located close to the cube face (b = 2 nm) an asymmetric broad peak shows up with the maximum at~77 meV. When the beam is displaced away from the cube the shape of the loss peak gets broader revealing two maxima, one at 81 (face mode) and the other at~69 meV (corner mode). Figure 3b shows spectra acquired from one corner of the cube along two different directions: the [110] (upper part) and [001] (lower part). The impact parameter is 5 nm and it is measured in the direction which is perpendicular to the line of data acquisitions. For the probe located in the corner, the spectrum shows a resonance at 69 meV (corner mode), in agreement with the results for the corner mode in Fig. 3a-upper part. As the beam moves along the [110] direction, the spectra get broader; the spectrum maximum shifts towards higher energy values; and a shoulder is developed at~81 meV (face mode). When the probe is displaced from the corner along the [001] direction the loss peak shifts to higher energy, reaching~72 meV (edge mode) at the middle point along the edge. Along this line we found that the corner contributions decrease in favour of the edge contributions.
It is important to note that only three resonances associated with the excitation of surface optical modes in cubes are observed in the EELS spectra. The scattering strength of each resonance can be tuned through the impact parameter distance with respect to the particle, which results in a large variety of loss peaks, as shown in Fig. 3 . Each of these three resonances (corner, edge and face) can be described in terms of eigenmodes [44] , in similar manner as presented by Fuchs [16] . In the quasi-static regime, the eigenmode expansion of a nanoparticle's response is rather straightforward and can be described by a simple expression, where the geometric information of the investigated system is decoupled from the material properties [45] . Thus, the quasi-static eigenmode solutions are solely connected to the particle geometry and the final contribution of each eigenmode is determined by two properties: the value of the associated eigenenergy (the lowest values usually describe dipolar modes, followed by quadrupole, hexapole modes, etc.) and the coupling strength to the external excitation.
For bigger particles, the determination of the complex eigenvalues and eigenvectors is more elaborate and can be calculated in terms of quasi-normal modes [46, 47] or by applying the contour integral method [48, 49] . Although the quasi-static approximation is still valid for a 150 nm cube, we find the quasi-normal modes [44] more convenient as they allow us to directly compute eigenmodes within a specific energy window, in contrast to the quasi-static approach where the separation of edge and face modes is considerably more cumbersome [50] . In our numerical Boundary Element Method (BEM) approach (see Eq. (21) in [51] ), we calculated the eigenmodes of a 150 nm MgO cube which are shown in the Supplementary data online (Figs. S2 and S3) . The corresponding eigenvalues are now distributed over the complex plane and the eigenmodes can be understood as a set of basis vectors describing the response of the system. The contribution of each mode is determined by the position of its eigenvalue (the closer it is to zero in the complex plane the more it contributes to the resonance) and the coupling strength between the specific mode and the external excitation. Although the full response for a 150 nm MgO cube is given by a linear combination of many eigenmodes, we can identify a few modes that contribute the most and whose spatial distribution agrees very well with the electron scattering maps at the corresponding loss energies for the corner, edge, and face resonance (see the Supplementary data online, Fig. S2) . A more detailed analysis of the individual contributions of confined surface phonon eigenmodes to the scattering cross-section will be presented elsewhere. But, our results already show that in spite of the complexity of the numerous configurations only a few modes contribute to the vibrational scattering, in a similar manner as for confined surface plasmons [52, 53] .
To get further insight in the electron scattering from surface phonon modes within the dielectric approach, we calculated the surface charge densities and response electric fields at each resonance energy, for different probe locations. Figure 4 shows the modulus of the total induced electric field maps containing two insets: The upper left insets depict the surface charge density; and the lower left insets show the corresponding plane for which the field distribution has been computed. The position of the electron beam in the plots is indicated by the dotted blue lines, and corresponds to an impact parameter of 5 nm.
In Fig. 4a , the electron beam is located close to the cube corner and the response field is plotted for two difference resonances: corner and edge modes. We find that the response field is strong at the corners and along the edge of the cube, and they are more prominent in regions closer to the electron trajectory. Also, note that the positive surface charges are strong at the corners and edges for each mode.
In Fig. 4b , the electron beam is positioned close to the cube face and the field intensity is plotted in the [100] plane for two resonances: corner and face modes. Notice in the upper plot that the corner mode is also obtained in spite of the fact that the electron beam is located between the corners. Also, in the lower plot we show that the coupling between the electron beam and the cube is strong across the whole face. Figure 4a and b illustrates that the fast electron can excite modes of different energies and consequently the scattering strength associated with each mode is driven by the impact parameter. In Fig. 4c , the cube is tilted by 45°([110] orientation) and the probe is located close to the edge and face of the cube. In the upper plot, the edge mode is excited and the coupling between the nearby edge and the electron beam is strong. In the lower plot, the field is plotted for the face mode showing a strong dielectric response on the cube face, which suggests large cross section values for that location, in agreement with the experimental data shown in Fig. 3b .
A visual inspection of the response fields indicates that for each mode there is a typical pattern related to the mode which highlights certain regions of the cube. Also, the plot reveals that the induced fields extend away from the cube and decay slowly, verifying our expectation that dipole interactions produce surface phonon scattering over a large range of impact parameters (above 50 nm).
MgO nanocube on an amorphous SiO 2 substrate
In the previous sections, we described the existence of longwavelength optical surface vibrational modes in a-SiO 2 films and MgO nanocubes, and their corresponding excitation using electron probes. Now, we bring both structures together and focus on the composite system consisting of an MgO cube placed on an a-SiO 2 substrate, the usual experimental setup of particles supported on films. Figure 5 shows the calculated vibrational EELS scattering probabilities for a 30 nm MgO cube supported on an a-SiO 2 substrate. We simulated a 5 nm thick SiO 2 membrane of finite lateral size (90 nm) considering an experimentally determined dielectric function from [34] (Fig. 1b) . This consideration provides further insights on the role of a dielectric substrate on the vibrational scattering than models modelling the substrate with a real value of dielectric permittivity. Interestingly, we find that the general influence of the thin a-SiO 2 substrate on the scattering spectra of the MgO cube is minor, so that the main peaks corresponding to the corner, edge, and face resonances can still be recovered for the composite system. The additional absorption in SiO 2 leads to minor quenching of the cube resonances, but the corresponding energy shifts due to the modified dielectric environment are negligible (see dotted grey lines in Fig. 5 ). Note also that our results do not predict the appearance of a band splitting, typically obtained when the dielectric permittivity of a substrate is modelled using a finite value with null damping in plasmonic [54] and phononic [50] nanostructures.
Note also that in addition to the cube resonances, the two previously described optical vibrational resonances for a-SiO 2 at~55 and 100 meV (TO 1 and TO 2 , respectively) are clearly visible, but their scattering amplitude might be overestimated because of the finite substrate size. Therefore, our analysis shows that for thin silica substrates, the total response of the composite system can be approximately described as a simple addition of the cube and SiO 2 scattering contributions.
The absence of the band splitting in our results raises the question about the physical origin driving such absence. An analysis of the dielectric functions of the involved materials (Fig. 1) can shed light into the understanding of such effect. A visual comparison of the dielectric functions in Fig. 1a and b shows that the surface optical phonon excitations of MgO lies in a region (69-81 meV), where the dielectric function of the SiO 2 exhibits only finite positive contributions in both real and imaginary part. This indicates that at this condition of finite damping (Im[ε] ) the substrate acts as a vacuum-like transparent element. To bring further physical insight into the origin of the transparency behaviour imposed by the substrate, we further analysed the effect of the substrate damping on the response of the whole system, considering the real part of the dielectric function as a finite constant (Re[ε]~2.4), and the imaginary part as small values approaching to zero (Im[ε] → 0). Our results are shown in Fig. S4 and they indicated that at conditions of minor damping small resonances (band splitting) could develop in the region between the TO mode and the corner resonance (50-70 meV) of MgO [50] . This suggests that the transparency of the a-SiO 2 substrate might be driven by the characteristics of the damping process.
We also think that a more pronounced interaction should take place when the vibrational resonances of the particle energetically intersect with the surface phonon resonances of the substrate, probably producing strong coupling between surface vibrational modes. Thus, our studies suggest that one can explore the right combination of nanostructures and substrates (a-C, graphene, Si 3 N 4 , etc.) aiming to explore or avoid coupling effects. However, additional EELS experiments are needed to test theoretical predictions about the effects of substrate (material type and size) on the vibrational response of nanostructures.
Conclusions
We investigate experimentally and numerically the excitation of surface optical vibrational modes in an a-SiO 2 film and MgO nanocubes in the long-wavelength regime with keV electrons. We show that the vibrational surface response of these elementary phononic nanosystems can be explained by the dielectric characteristics of the involved materials in the dipole limit. We find that the surface optical vibrations are strongly constrained by the size and shape of the nanosystems. For the silica slabs, we find two EELS resonances as a result of the excitation of SPhP modes. Due to the geometry, the electron couples efficiently to the symmetric modes. For the MgO cube, we find three surface optical phonon modes that are spatially concentrated at the corners, edges, and faces of the cube. These resonances can be described in terms of eigenmodes and the corresponding mode patterns can be resolved in the surface charge density distribution, as well as the response field intensity of the cube. We identify the few modes that determine the vibrational response of the system. We discuss the composite system of an MgO cube on top of a SiO 2 membrane, where the weak interaction between the two constituents suggests a transparent behaviour of the substrate at the energy range of the cube surface phonons.
